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ABSTRACT 
This paper describes two microwave short range 
distance measuring systems which were constructed and 
evaluated for possible industrial control applications. 
The first system described is based on the electronic 
circuitry of a laser rangefinder device built by Laser 
Systems and Electronics of Tullahoma Tennessee for 
surveying applications.  The laser of this system is 
replaced by a microwave oscillator operating at 10 GHz 
and a 30 inch parabolic reflector which acts as both 
the transmitting and receiving antenna.  An analysis 
of the relationship between antenna size, frequency, 
distance, and the focused spot size is carried out. 
Effects of multiple reflections between the target and 
the antenna are studied as well as spurious backscatter- 
ing by undesired objects.  This system operates by 
measuring the phase of a 15 MHz AM-modulation on a 
10 GHz carrier.  A detailed description of the op- 
eration is given as well as a discussion of stability 
problems. 
The second part of this paper deals with a different 
distance measuring system which operates at 25  GHz. 
Here the CW-signals of two Gunn-effect oscillators 
are superimposed. An operational amplifier feedback 
loop adjusts the frequency of one of these oscillators 
so that the distance between the target and the antenna 
becomes an integer number of half wavelengths of the 
beat frequency.  Two separate reflectors are used for 
transmitting and receiving.  It is demonstrated that an 
accuracy of + l mm can be achieved for plane metal 
targets of a few inches in diameter at three meters 
distance. Various sources of measuring error are dis- 
cussed and analyzed. 
INTRODUCTION 
In the past there have been several methods 
devised for measuring short distances with micro- 
waves.  All these systems have several basic charac- 
teristics in common.  First, all systems in some way 
depend on the constant propagation of microwaves in air. 
Further, all the systems in some manner compare the 
signal reflected from the target with a reference signal. 
Perhaps the most basic system which clearly displays 
all these characteristics is the interferometer. 
A block diagram for an early microwave interfero- 
meter is shown in Fig. 1.  It was built by W. Culshaw 
and is the equivalent of the Michelson interferometer 
at optical frequencies1.  In the Culshaw interferometer, 
a microwave beam is sent through a beam splitter which 
directs half the signal toward a movable target and half 
the signal toward a reference target.  The two beams 
are reflected from these targets and pass through the 
beam splitter again where they are redirected to the 
detector diode.  If the beam splitter divides the 
beam exactly in half and if the microwave source is 
monochromatic and stable in frequency, then as the 
target is moved, an observer will see the output 
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roltage at the detector diode go through a periodic 
succession of zeros.  A more refined microwave inter- 
ferometer was built by K. D. Froome which uses the 
same principle as the Michelson interferometer except 
that the reference signal path is now entirely inside 
waveguide components . 
Both these instruments have one fundamental limitation. 
They can only give distance readings modulo a half wave- 
length.  One possible way to partially get around this 
limitation is to use more than one frequency.  This 
method was demonstrated by Michelson when he used white 
light in his optical interferometer.  By using a contin- 
uous spectrum of light, the actual distance can be 
measured by observing at any given distance what fre- 
quencies are experiencing destructive interference. 
In the first of the described systems, four different 
frequencies are used which in theory, as will be ex- 
plained in the next section, allow the measurement of 
distances to ten kilometers without ambiguity with the 
interfering frequencies being near 15 MHz.  Since 15 MHz 
has a wavelength of 20 meters, a simple interferometer 
using this frequency could only measure modulo 10 meters. 
This low modulation frequency requires an extremely 
accurate phase measurement which poses an ultimate 
limit of accuracy. 
The second described system was designed to simulate 
a higher modulation frequency and thus achieve greater 
accuracy. By using a modulation frequency of 300 MHz, 
in theory an accuracy of + 1 mm can be achieved with 
a phase measurement accuracy of + .72°.  However, use 
of this higher modulation frequency reduces resolution 
to modulo 50 cm.  A higher carrier frequency of 25 GHz 
is used to enable better focusing at the 12 foot target 
distance.  Since the application of this system involves 
variations in distance that are at maximum 5° cm, the 
chosen modulation frequency is the best possible 
compromise. 
I. SYSTEM DESCRIPTION 
The majority of the digital and analog circuitry 
used in this distance measuring system was designed 
by Laser Systems and Electronics of Tullahoma, Tenn- 
essee t and modified by the author for use with micro- 
waves. The origional instrument, called "MicroRanger", 
uses a solid state laser and is built primarily for 
surveying applications.  Using a retro-reflector, the 
maximum range is 10 km with an accuracy of 1 cm. A 
built in routine takes 100 measurements and averages 
them, thus trading time for even better accuracy. 
A 1^.99^98 MHz signal is used as the modulating 
frequency due to its 20 m wavelength in air (note 
111..99^98 MHz will be refered to as 15 MHz). This fre- 
quency is divided by 1000 to generate a 15 KHz signal 
which then is mixed with the 15 MHz signal to generate 
a 15*015 MHz reference frequency (see the block diagram 
in Pig 3).  The 15 MHz signal, once reflected from the 
retro-reflector and received, is mixed with the 15.015 
MHz reference frequency yielding a 15 KHz signal con- 
taining the phase information of the 15 MHz signal. 
This signal is then amplified and fed into a zero 
crossing detector which generates a start pulse. 
Block Diagram of "MicroRanger" Operation 
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The pulse enables a counter circuit to begin counting 
the 15 MHz signal until the internally generated 15 KHz 
signal crosses zero volts and stops the count,  A proc- 
essing unit converts this count to distance and controls 
an LED display. 
As mentioned earlier, every distance measuring 
instrument which relies on measuring a phase shift is 
limited due to the ambiguity in any phase measurement. 
Thus, if this system only used the 15 MHz base fre- 
quency, only distances modulo 10 m could be resolved. 
This problem is overcome by varying the base frequency 
by 1095, 1%,  and .1$ thereby increasing the range by a 
factor of ten for each additional frequency used.  In 
addition, for each base frequency used, the "MicroRanger" 
goes through a zeroing routine by measuring a zero 
reference distance. 
An additional feature of the instrument is cir- 
cuitry which prevents distance readings from being taken 
when the signal strength is too strong or too weak. 
To help in setting the correct signal strength there 
is a meter circuit added to the output of the 15 MHz 
amplifier. 
Some minor changes were needed to adapt this cir- 
cuitry for use with microwaves.  First, the laser source 
was replaced by a klystron set to operate at 10 GHz. 
Also a 15 MHz amplifier was built which would amplify 
the signal from the "MicroRanger" to a level where it 
could drive the microwave modulator which in this 
case was a microwave switch. A block diagram of the 
microwave circuitry is shown in Pig. **■• 
Additions were made to the microwave circuitry to 
improve performance as more experience was gained 
such as an automatic gain control and a mechanical 
switch used to enable the zero distance reference 
path to go through the microwave circuitry. More de- 
tailed information on the component parts of this system 
will be given in section III but first a brief antenna 
analysis and error analysis will be carried out so that 
a better understanding of the inherint problems in this 
type of system can be obtained. 
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II. SYSTEM THEORY 
A. Antenna 
The application of this distance measuring system 
requires that the microwave beam be focused to a rela- 
tively small spot size on the target.  In order to deter- 
mine what frequency, what antenna size, and what target 
distance would be optimum, the equation must be derived 
which relates these three parameters for any parabolic 
reflector illuminated by a Gaussian beam. 
The equation below can be derived from the free 
space wave equation where f is the wave equation of 
a Gaussian beam.-> 
-here   WC*W &(£♦£**) 
where z = distance from the beam waist 
If the phase information is dropped, the equation 
simplifies tos 
foe W£> A^l^) 
r
    wcz")e 
Define  A_. k.       /. W(Z> /|.(A+X^)' 
12 
Then Vs/(pVJ?^  therefore i A= Lt\J(p)Z 
* P© & 
At the i power points on the beam edge t 
I M^I*H| 
2 therefore! f <"  *\ 
vT^   e  
r * the i power radius 
Now, if the distance between the beam waist and 
the antenna is called Z^ them 
Define r_ » J power radius at the beam waist (Z=0) 
f. - W« j^u     ... W(o)= -S—-. 
From the equation 
ffr 
*        fc and     W(*A> = \J(p?+31*_ 
* ftx\A/(of 
13 
r. * k  power radius at the antenna 
Therefore t  <r 
-4 ■ ~t^+ ft z:(^F 
which can be rewritteni 
-*(tf ; 
ir1 A            ' 
-^TF 
>ZA= 9.0*17 r.(rt-rS) V* 
This equation relates the beam waist r0 with the 
antenna i power radius and the distance between the 
beam waist and the antenna.  By holding the antenna size 
constant (rA), one can plot the beam waist radius (spot 
size on the target) verses the A^ product for several 
different antenna i power radii, (see Fig. 6) 
B. Antenna-Target Multiple Reflections 
In the ideal case, all energy transmitted from the 
14 
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15 
antenna will be reflected by the target and again 
received by the antenna.  However, in reality some 
small fraction of the energy will be reflected at the 
antenna feed before it can reach free space.  In addition 
not all the energy transmitted will be reflected by the 
target.  A fraction will not hit the target but will be 
reflected from other objects in the vicinity and then 
received by the antenna.  These unwanted reflections 
from fixed locations, when combined, can be approximated 
by a single reflection from an imaginary distance d*. 
In addition to this error, a fraction of the signal once 
reflected from the target will not enter the receiving 
antenna feed but will be reflected back to the target 
and from there back into the antenna feed.  For simplic- 
ity, the assumption will be made that only the first and 
second reflections from the target are significant.  The 
second reflection will contribute to an erroneous read- 
ing. 
For an analysis, the signal is assumed to be a 100$ 
AM modulated cosine wave of frequency CJm in the micro- 
wave region.  The modulating signal is written asOJu(15 
MHz).  Thus, the transmitted signal can be written asi 
S^r s COS coji + COS (u>^+ GjJ)t + COS (aw Ww^ 
At first, roles of second reflections and background 
16 
scattering will be neglected. 
The returning signal will therefore bei 
where ^= Z&(um-tJ^) c -  speed of light in air 
*  O 
d « antenna target distance 
This signal, once received, is passed through a square 
law device (detector diode) which demodulates the 
signal.  The CJU terms of this demodulated signal are 
given below« 
S*.w - Co* (uA + jrfj - £) + cos Kt + j<, - £) 
= cos (4 + ^-^A cos («*b + £*t) 
Thus, in the ideal case, the phase angle of the return- 
ing 15 MHz signal is proportional to the distance and 
the amplitude of this signal is constant with respect 
to distance,to the target. As will be seen, neither of 
these results will hold true when the two sources of 
error are introduced. 
The signal returning from the target and entering 
17 
the detector diode from the first reflection will be 
normalized to one.  The fraction of the signal which 
is Reflected from the target twice before entering the 
detector diode will be called c< « and it will be assumed 
that oi is much less than one.  In addition, it will be 
assumed that a signal of amplitude /3 will be reflected 
from sources other than the target and the signals 
when combined will appear to come from an imaginary 
distance d*. / 
Now define,       &' s |f (Hn'^ 
The signal entering the detector diode will now bet 
Next, after squaring and collecting theCOLterms and 
X   2. 
assuming o( = |3 =<*(* - 0 
* oCC05(<j,i^z+^3\ 4otCos(cJLt + ^,-Z^)+p<.co5(oJ^-^+2^) + 
18 
These equations can be simplified toi 
+ /3cos (rf,* + 0£-*?V) cos (cJut ♦ 4'-# ) 
+ /3 cos (fit+fj-zSAcos /wjb t 4-lQ\ 
Which further reduce to» 
+ /3 cos (£f#-2£) cos ^ + «,-- ^j 
Now (  by substituting  in the values for Vi   • 0, • 0   ,0.   » 
^,  and 0   one arrives at the expression* 
Sd«vr> * (l +o(.C05(25^^+/3cos(2f^(d.^VoS(Wut-^^ + 
+ (Xcos(gg^)cos(cod.- ^dlN 
+ /3COS (^m (a-dO^COS^t-^^ 
The distance reading of the "MieroRanger" is 
proportional to the phase of this returning signal. 
One way to visualize the phase of these three combined 
cosine terms is to draw the phasors. 
19 
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The error predicted by this analysis is a sinu- 
soidal "ripple" term with a 1.5 cm period superimposed 
on an error free measured distance verses actual dis- 
tance curve.  The amplitude of this ripple error terra 
will be dependent on antenna-target distance.  Pig. 8 
is a plot of measured distance verses actual distance 
made using the "MicroRanger" which clearly shows this 
ripple error. Pig. 9 is a computer plot of how the 
amplitude of this ripple error will vary with distance 
assuming no background scattering.  Fig. 10 shows how 
the ripple amplitude actually did vary with distance. 
The large ripple error at short distances is most likely 
20 
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m 
Distance 
caused by the value of OL   (strength of second reflection) 
being strongly dependent on antenna-target distance. 
It oi  is assumed to decay exponentially with distance* 
then the theory predicts the ripple amplitude verses 
distance curves shown in Pig. 11 and Fig. 12. 
23 
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III. DEVELOPEMENT OF SYSTEM COMPONENTS 
A. Antenna 
The antenna reflector used had a 30 inch diameter 
with a radius of curvature of 2k  inches.  Using Pig. 6 
in the previous section, it can be seen that a spot 
size of 15 cm is predicted for an antenna-target 
distance of 4.26 m and a i power diameter of 40 cm 
at the reflector using a 10 GHz carrier frequency.  The 
actual measured spot size at this distance was 18 cm as 
can be read from Table I.  This is very reasonable con- 
sidering the noninfinite reflector size and the im- 
perfect reflector illumination. 
A second consideration in the antenna design was 
the match of the antenna to free space. As can be seen 
from the error analysis, a small reflection at the an- 
tenna feed can cause a large phase shift error which 
in turn will cause a distance measurement error.  In 
order to match the antenna to free space, two methods 
were used.  The first and more exact method was to con- 
nect the antenna feed to a network analyzer and with the 
tuning screws on the antenna feed, match the antenna 
feed to free space over a sufficiently wide frequency 
range to cover 10 GHz ±15 MHz. 
25 
Table I 
Antenna-Beam Waist  i Power Diameter Feed-Reflector 
Distance at Waist Distance 
110.2 cm 3.67 cm 36.3 cm 
122.4 cm 4.2 cm 35«& cm 
125.4 cm 4.4 cm 34.8 cm 
14-6.1 cm 5.3 cm 33.7 cm 
156.5 cm 5.4 cm 33.0 cm 
I69.I cm 6,6 cm 30*8 cm 
208.0 cm 6.5 cm 30,2 cm 
250.0 cm 10.5 cm 29.2 cm 
270.0 cm 11.8 cm 28.7 cm 
320.0 cm 12.0 cm 28.0 cm 
426.0 cm 18.0 cm 24.1 cm 
457.0 cm 18.0 cm 23.5 cm 
26 
A second method which was much faster but gave 
a less wideband match was to direct the antenna 
toward free space and look at any returning signal on 
an oscilloscope.  If no signal is reflected from free 
space as one would expect, then all the returning sig- 
nal received can be assumed to be reflected from the 
antenna feed.  Therefore, by simply adjusting the tun- 
ing screws to minimize this returning signal, the an-? 
tenna can be approximately matched for the frequency 
in use. 
Another improvement made on the antenna feed is 
shown in Pig. 5»  Twelve attenuating vanes made of 
150 ohm mylar film were used to dampen the resonator 
comprised of the antenna and the target.  A measure- 
able decrease in the ripple amplitude was observed 
when these vanes were placed in a ring around the 
Circular opening of the antenna feed.  Pig. 13 shows 
a plot of the radiation pattern of this antenna feed. 
The error caused by the second reflection could be 
further reduced by using a two antenna system thereby 
doubling the path over which the second reflection must 
travel.  This accuracy is paid for by the increase 
in size and cost of a two antenna system. 
27 
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B. Modulator. 
The modulator used in this system is the DM 863H 
Microwave Switch made by General Microwave of Farm- 
ingdale,.New York. The input signal needed to drive 
this modulator is a standard TTL signal of .1 volt to 
3»5 volt. However, the output from the "MicroRanger" 
circuitry is a .8 volt peak to peak sine wave.  There- 
fore* the circuit shown in Fig. l*f was used to inter- 
face this signal with the modulator. 
The upper frequency limit of the microwave switch 
was 15 MHz which meant that the output of the modu- 
lator was not a square wave but instead closer to a 
sine wave. This fact helped limit the spectrum to 
the 10 GHz carrier plus the two sidebands. 
C. Automatic Gain Control 
Another feature which was added to give more sta- 
bility was an automatic gain control.  As was mentioned 
earlier, the "MicroRanger" has a feature which prevents 
a measurement from being taken when the signal level 
is too large or too small.  As the target distance 
is changed, the returning signal strength will change 
due to a tilting of the target or the target moving 
through the beam waist.  It was hoped that by building 
29 
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an automatic gain control, the accuracy of the system 
would improve and also the signal strength would not 
change by a large enough amount to stop the machine. 
However, an important requirement of this automatic 
gain control is that as the incoming signal level 
changes and the AGO compensates for the change, there 
must be no phase shift through the microwave AGC cir- 
cuitry. 
The main building block of the AGC is a microwave 
modulator which is used as an electronic attenuator. 
The microwave signal level is first set higher than 
necessary and the electronic circuitry shown in Fig. 15 
adjusts the electronic attenuator so that the received 
signal strength falls in the middle of the allowable 
range. 
In Fig. 16 it can be seen how the electronic at- 
tenuator effected the distance readings as a function 
of attenuation.  The different lines indicate three 
successive measurements.  The fact that the three plots 
are not identical is an indication of the instability 
of the system due partially to the effects of temp- 
erature on the microwave circuitry.  As can be seen 
from the graph, if the signal strength is set about 
one dB above what is necessary to operate the "Micro- 
Ranger ", the highest stability will be obtained for 
31 
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slight variations in returning signal strength. 
However, as the signal strength is increased by more 
than two dB above what is necessary to operate the 
system, the distance readings will depend'signifi- 
cantly on the signal strength. 
D. Zero Distance Reference Switch 
One of the major operating problems was the tendency 
of the microwave circuitry's phase characteristics 
to drift with time and temperature.  Some of the com- 
ponents which can be effected are the detector diodes, 
the microwave modulator, the amplifier before the micro- 
wave modulator, and the electronic microwave attenuator. 
The electronic circuitry of the "MicroRanger" was deter- 
mined to be relatively drift free (see appendix I-A 
and I-B). To minimize the effects of these phase 
shifts, a zero distance reference path must be used 
which includes all the temperature sensitive micro- 
wave circuitry.  Therefore, the microwave zero dis- 
tance reference switch shown in Fig. 17 was built. 
This switch was attached before the antenna feed and 
and operated by mechanically placing a 150 ohm mica 
strip in a piece of slotted waveguide for each zero 
distance reading. This mica film served a dual purpose. 
First, when in the waveguide it reflected a portion 
33     ' 
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3* 
of the signal back to the detector diode to give a 
xero reference distance, and second, it greatly at- 
tenuated any signal which passed through the film 
to the target and back to the detector diode (-60 dB 
round trip). 
When in operation, for each distance measurement 
taken, "MicroRanger" would take four zero reference 
distance readings for each of the four base frequen- 
cies used.  Since the eight different returning signals 
could vary significantly in amplitude, the system 
could only operate with the aid of the automatic gain 
control. 
Pig. 18 is a plot of the distance reading verses 
time for the system operating with no warmup and focused 
on a fixed target.  A plot is given of the system with 
and without the microwave zero distance reference 
switch. As can be seen, a large improvement in sta- 
bility was achieved; however, this solution brought 
on another problem of mechanical stability and dur- 
ability.  Since eleven readings could be taken per min- 
ute, and the switch must open and close four times 
for each reading, one hour of distance measurements re- 
quired the switch to open and close 26^0 times.  Since 
the switch had to open or close within 100 msec, its 
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design is not uncritical. 
Nevertheless, our laboratory version of this 
switch operated as predicted for several hours and 
proved useful in the experiments with heated steel 
plates described in section IV, 
37 
IV. SYSTEM EVALUATION 
The use of this system uncovered two major problems, 
both of which were partially corrected.  The first, that 
of the sinusoidal fluctuations in the measured distance 
verses actual distance plots can be seen quite clearly 
in Pig, 19 and Fig. 20.  Each graph is of the measured 
distance verses the real distance over a short measure- 
ment range for different antenna-target distances. As 
is easily seen, the distance from the target strongly 
effects the amplitude of the sinusoidal fluctuations. 
This is due partially to the fact that as the target 
approaches the antenna, the damping of the antenna- 
target resonator decreases causing a large error due 
to second reflections. It is for this reason that the 
value of o^ was made dependent on distance in the com- 
puter plots of Fig. 11 and Fig. 12. 
In order to lower the Q of the resonator formed by 
the antenna and target, the attenuating wedges described 
in section III were attached to the antenna feed. 
Fig. 21 shows the improvement brought about through 
the use of these wedges. 
The second major problem was the instability of 
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the measurements with time and temperature.  In the 
appendix are two tables showing how the distance 
measurements drifted with time with and without a 
warmup period.  When making distance measurements, 
in the case were the sinusoidal ripple fluctuations 
were large, the thermal drift is masked by this large 
ripple on the plots.  However, when this ripple error 
was small as in the 2.33 meter curve in Fig. 20, the 
thermal drift was the major source of error.  A method 
to manually correct for this drift is to, after each 
reading, immediately move the target to a reference 
distance and take a reading there.  Then the difference 
between the target distance and the reference distance 
reading would be the thermally compensated distance 
measurement.  Fig. 22 shows a plot of measured distance 
verses actual distance using this method of manual 
drift compensation. The inaccuracies still present are 
due mainly to second reflection error and background 
scattering. 
An important consideration in determining if this 
system will work in a steel mill application is will 
the distance measurements be effected by the temperature 
at the target surface.  In order to study this possibil- 
ity, an experiment was performed using the set up shown 
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in Fig. 23.  The laser and telescope were needed to 
measure any warping in the steel plate as it was 
heated. The temperature at the surface of the steel 
plate target was measured by a pyrometer and reached 
a maximum of 8l5°C (1500°F).  Fig. Zh  shows two plots 
of the distance reading verses time and temperature. 
As one can see from these graphs, the distance read- 
ings were not very stable even before the heat was 
applied.  Once the steel plate was heated, the distance 
readings stayed within a ± 1.5 cm range which is within 
the random error of the system. 3y examining the two 
graphs carefully, it can be observed that the changes 
in the distance reading do not appear to be correlated 
to.changes in the temperature and therefore are most 
likely the result of other causes.  It must be con- 
cluded that any error caused by the heating of the 
steel plate is too small to be measured with this 
experimental set up. 
One final experiment was carried out to deter- 
mine the effects of changing line voltage on the 
distance readings.  An experiment was performed where 
the target distance was held fixed and the line voltage 
was varied between 110 v and 125 v in one volt incre- 
ments.  In order to compensate for the effects of 
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thermal drift, the experiment was repeated nine times 
and the results were averaged together.  As seen in 
Pig, 25» the change in distance reading verses line 
voltage was not significant compared to other sources 
of error. 
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V. CONSTANT PHASE DISTANCE MEASUREMENT SYSTEM 
DESCRIPTION 
Once the performance of the previous system was 
analyzed, it was decided that a new system would be 
built with the hope of reducing the major sources of 
error.  While before the phase lag of the reflected 
modulated signal was measured, in this new system 
the difference frequency between a fixed 25 GHz oscil- 
lator and a 25.3 GHz voltage controlled oscillator is 
adjusted so that there is an integer number of half 
wavelengths of this difference frequency between the 
antenna and the target.  In this way it should be pos- 
sible to always operate at the minimum of the error rip- 
ple in Fig. 9»« The distance to the target would then 
be proportional to the inverse of this difference fre- 
quency* A two antenna system was decided upon in order 
to lower the Q of the resonator formed by the antenna 
and the target and to eliminate errors due to internal 
reflection (mismatch) and imperfect circulation. 
Finally, by using 25 GHz instead of the 10 GHz used 
previously, a smaller spot size could be obtained at the 
target, thus reducing background scattering. 
Gunn-effect oscillators manufactured by Yarian Inc. 
of Palo Alto, California, were used. The fixed fre- 
quency 25 GHz oscillator is connected to a bandpass 
^8 
filter to avoid a power loss when it combines with 
the 25.3 GHz signal.  The 25.3 GHz oscillator is 
varactor tuned to vary the difference frequency be- 
tween the two oscillators.  A fraction of the com- 
bined signal is sampled with a directional coupler 
before it leaves the transmitting antenna and is 
amplified by a modified cable TV amplifier. This 
amplified reference signal is routed to one input of 
a phase detector.  The transmitted signal, once re- 
flected from the target and received, is then ampli- 
fied by an identical cable TV amplifier and fed into 
the second input of the phase detector. The phase de- 
tector output is connected to a low drift D.C. opera- 
tional amplifier circuit which controls the varactor 
tuned oscillator in such a way that the phase detector 
output is always kept at zero volts. This implies that 
the two input signals to the phase detector are held 
90° out of phase.  Since it is advantageous to make 
the antenna-target-antenna distance an integer number 
of half wavelengths (of the JQO  MHz beat frequency) 
apart, the electrical length of the reference path 
must be adjusted to a quarter wavelength difference 
from the electrical length of the cable from the re- 
ceiving detector diode to the phase detector.  This 
*9 
was accomplished by using a variable length air line. 
Finally, in order to measure the difference fre- 
quency, a third cable TV amplifier is used to amplify 
the reference signal coming from the directional coup- 
ler.  This amplified signal is then fed into a fre- 
quency counter which determines the frequency and feeds 
this information into a processing unit which determines 
the distance. 
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VI.  ERROR ANALYSIS OF SECOND SYSTEM 
An analysis is carried out in this section on 
some of the sources of error in the microwave cir- 
cuitry.  This analysis assumes no impedance mismatches 
in the 300 MHz circuitry.  The same two sources of 
error analyzed previously will be reexamined in this 
system, namely the second reflections and the back- 
ground scattering. Pig. 27 shows the signal paths 
assumed in this analysis. 
Define the following variables 1 
^ a ^a—u        £j^a upper microwave frequency 
C (variable) 
G\ * lower microwave frequency 
(fixed) 
c « speed of light in air 
d * distance to the target 
Vh  = _*^CJII-0L)I?\  -*-l= electrical distance of 
*" ~cT^ ) the reference signal path 
^i"-^..-^) 
1? * the electrical distance of the path between the 
receiving detector diode and the phase detector. 
Note both li and 12 include the phase delay in their 
respective cable TV amplifiers. 
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If the transmitted signal is assumed to bet 
Cos cojt ■». COS COjt 
then the received signal will bei 
+ p (oos(cuttt-#) +cos («£-/£)) 
where o4 is the magnitude of second reflection divided 
by the magnitude of the signal reflected just once and 
received. /3 is the magnitude of the signal received 
caused by background scattering divided by the signal 
reflected one time from the target and received. 
Define« 
dt'za   Z& , . where d' is the apparent 
r
*      "c"^ 
distance of the sum of 
,j /  oy all the scattered reflec- 
° tions. 
This received signal is now squared by the detector 
diode and only the CJU-U)U terms are kept.  If ot,. and A 
are much less than one, then the ot?t a1,  and ecg terms 
will be assumed to be zero. With these factors in 
mind, the signal coming from the detector diode ist 
if CJ = GJu-GJu 
-V p cos(cot- ^-h^/) + pcos (cot-^+J^) 
54 
Now if the phase shift caused by I2 is taken into 
account* the phase of the received signal at the phase 
detector isi 
6 «Tcrf    +fl*m(-^+*i) + pSm(-^+^x) 
-A 
e
-
T
-t-r)-* 
However, the feedback loop in the system forces the 
phase detector output to be zero volts thereby requiring 
returning signal phase to be shifted 90° from the 
reference phase at the other input of the phase detector. 
Therefore, one can writei 
YiT+J-j^Tan-'^J-J^-e 
Next,4^-0A is adjusted tow by adjusting the length 
of 11 with an adjustable air line.  This is done in 
order to minimize the errors caused by the second 
reflections.  Once this is done, the equation reduces 
to 1 
T1U = 
55 
mr - "i™~* (~TT) 
Thereforei 
Since o( and [3 are assumed to be much less than one. 
the first term alone can be used to find an approximate 
value forCJuand from this value the error can be 
approximated by substituting &Juinto the error terms. 
When this is donei  Q = sin (- <fi( + $£\ 
Therefore the error terms becomei 
O 
+ psin^Cd.a'Vmr) 
These equations predict a sinusoidal ripple with 
a period of 6 mm which varies slowly over distance 
and is zero when the target distance equals the im- 
aginary distance d*.  Note that by making </-^ = X 
the ripple due to any second reflection is forced to 
56 
zero.  However* this is only true at the one difference 
frequency where I1-I2 = 2,    • As the frequency deviates 
from this point, the error term due to the second 
reflections becomes significant.  The ripple error 
seen in Fig. 33 and Fig. 3^ is caused by both of these 
sources. 
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VII.   SECOND SYSTEM DEVELOPEMENT 
A. Antenna 
A forty inch parabolic reflector was cut in half 
to yield identical transmitting and receiving antennas. 
In order to make efficient use of these reflectors, 
the radiation pattern of the antenna feed must be oval 
in shape.  It was determined that the radiation pattern 
of an open waveguide without a flange would meet this 
requirement. 
The two reflectors and all the microwave and 300 
MHz circuitry are housed in an aluminum box for protec- 
tion from dust and for mechanical stability.  The 
physical layout of this system is shown in Fig. 28., 
In order to cut down on reflections from the inner al- 
uminum sides of this housing, attenuating foam is plan- 
ned to be affixed to the walls. 
B. Feedback Loop 
The signals from both the reference detector diode 
and the receiver detector diode are amplified by cable 
television amplifiers and then fed into the two inputs 
of a O-CDB-160 Olektron phase detector.  The output 
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of this phase detector is held at zero volts by an 
operational amplifier circuit which adjusts the 25.3 
GHz voltage controlled oscillator is such a way that 
the two inputs of the phase detector are always 90° 
out of phase.  The schematic for this operational am- 
lifier circuitry is shown if Fig. 29.  As shown in 
the error analysis, it is vdesirable to make the target- 
antenna distance an integer- number of half wavelengths 
of the difference frequency (300 MHz) in order to min- 
imize the error caused by second reflections. This was 
done by adjusting the length of the electrical path 
from the reference diode to the phase detector until 
a minimum ripple error occured in the measured distance 
verses actual distance plot.  In order to change the 
electrical length, an adjustable air line was placed 
in this signal path.  Fig. 30 shows a plot of ripple 
amplitude verses different lengths of 1-. 
C. Processing Unit 
Once the system is operating, if it is to be able 
to measure the thicknes of steel beams in a steel mill, 
there must be an electronic circuit to translate the 
output frequency into a thickness reading.  A process- 
60 
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ing unit is being built which will use the equation 
% » d where k is a constant dependent on the number of 
half wavelengths to the target. In addition to doing 
this, the processing unit will be able to measure the 
distance to the roller which carries the beam when 
one is not present and, by storing this information, 
compute the thickness of a beam when it is present by 
subtraction.  By using the distance to the rollers as 
a reference distance, the thickness readings will 
have a greater stability since most error caused by 
drift will be cancelled when the processor subtracts 
the distance to the top of the steel beam from the 
distance to the roller.  In order to accomplish all 
of this, a processing unit is being built complete 
with a 300 MHz frequency counter which will be able 
to perform the above calculations using a Motorola 
6800 microprocessor integrated circuit and Nixie 
tube display circuitry. 
63 
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VIII. SYSTEM EVALUATION 
The actual performance of this system is very close 
to what the theory predicts. The radiation pattern 
at the target shown in Fig. 31 is close to what 
is expected given the size of the antenna and the type 
of antenna feed used.  Note how the beam is focused 
more sharply in the Y axis than in the X axis as would 
be expected due to the oval nature of the antenna illu- 
mination. Also note how the system was more sensitive 
to the target tilting about its Y axis than about 
its X axis due to the fact that the receiving antenna 
is twice as high as it is wide. 
The distance measuring accuracy was far superior 
to the previous system partly due to the two antenna 
approach and partly because of the less accurate phase 
measurement needed for the equivalent accuracy due to 
the higher frequency used (300 MHz). 
A plot of measured distance verses actual distance 
is shown in Fig. 33 and continued in Fig. 3*f.  This 
distance measurement covers 50 cm and clearly shows 
two major different types of inaccuracies.  First, there 
is the ripple error with a period of 6 mm caused by 
second reflections between the antenna and target and by 
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scattered reflectins received from locations other 
than the target.  The second type of error with the 
much longer period (about $0  cm) is caused by impe- 
dance mismatches in the 300 MHz circuitry.  This error 
can more easily be seen in Fig. 35 which shows a 
distance measurement taken over a one meter range* 
The ripple error is partly due to the fact that 
the antennas are placed in an aluminum box with an alu- 
minum dividing wall between them.  This type of physical 
layout creates a problem in that the highly reflective 
walls increase the scattered reflections which in turn 
will increase the amplitude of the ripple error.  Fig. 
36 shows a distance measurement plot made using two 
antenna reflectors which were not enclosed in any 
form of container.  The plot clearly shows less ripple 
than the plots of Fig. 33 and Fig. 3^«.  One method 
of reducing these scattered reflections is to line the 
interior of the aluminum box with microwave absorbing 
foam.  This was not finished yet in time for this re- ; 
port. 
When the flat target was replaced by a fourteen, 
inch diameter cylinder with its axis oriented in a 
horizontal direction, the returning signal power was 
reduced by a factor of four but the distance reading 
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71 
to the apex was not measurably effected.  Likewise, 
when the cylinder was oriented vertically, the re- 
ceived power was a tenth of the power received using a 
flat target but once again the distance reading was 
uneffected. 
Another characteristic of this system which must 
be considered is that the output voltage range of the 
operational amplifier circuitry must be adjusted so 
that the distance reading cannot change by more than 50 
cm.  If this output voltage and therefore the output 
frequency of the VCO is allowed to change more than this 
amount there is a danger that if the signal is momen- 
tarily lost, the system will jump to a different fre- 
quency range which yields a different integer number of 
half wavelengths between the target and the antenna. 
In many respects this system resembles a phase locked 
loop in that it has a lock range over which it can track 
a series of distance measurements as long as the sig- 
nal is not lost or or as long as the distance does not 
change too rapidly. This lock range is determined 
soley by the range that the op-amp circuitry can con- 
trol the VCO.  In addition to a lock range, the system 
has a capture range which is the range over which a 
target can instantaneously appear and cause the system 
72 
to give the correct distance reading. This capture 
range is always less than or equal to the lock range 
and is alway less than a half wavelength of the mod- 
ulation frequency (300 MHz). 
With all the proceeding findings kept in mind, 
the following recommendations can be made for improve- 
ment of the entire system.  First, the attenuating foam 
must be added to the inside walls of the aluminum box 
to minimize errors due to scattered reflections. 
Second, in order to improve long range linearity, either 
the 3°0 MHz circuitry could be replaced with com- 
ponents better matched to the 50 ohm line or the 300 
MHz amplifiers could be replaced with higher gain am- 
plifiers which would allow attenuating pads to be 
placed in the lines between the diodes and the ampli- 
fiers in order to reduce any phase error due to im- 
pedance mismatches.  Third, the temperature dependence 
of the system could be reduced by placing thermal sen- 
sitive components in a constant temperature oven.  Once 
the system is free from drift, the output voltage swing 
of the op amp circuitry could be adjusted so that the 
distance measuring range will not exceed 50 cm. As a 
final possible improvement, the entire system could 
be switched to a higher carrier frequency which would 
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make possible the use of smaller reflectors without 
increasing the spot size at the twelve foot target 
distance used in these measurements. 
7* 
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Appendix I-A 
Drift of "MicroRanger" Measurement Readings with 
No Microwave Circuitry in the Signal Paths and with 
No Warm Up Period 
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Drift of Measi 
Included with 
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irement  Readings with Microwave Circuitry 
No Warm Up 
11  Readings Per Minute 
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Appendix I-C 
Drift of Measurement Readings with Microwave Circuitry 
and a 2 Hour Warm Up 
11 Readings Per Minute 
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